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The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory 
is the first accelerator facility that can accelerate, store and collide spin polarized 
proton beams. This development enables a physics program aimed at understand- 
ing how the spin of the proton results from its quark and gluon substructures. Spin 
states that are either parallel (longitudinal) or perpendicular (transverse) to the 
proton momentum reveal important insight into the structure of the proton. This 
talk outlines future plans for further studies of transverse spin physics at RHIC. 



1. Introduction 

There has been renewed experimental and theoretical interest in transverse 
spin physics. Large transverse single-spin asymmetries (SSA) observed in 
elastic proton scattering and particle production experiments (hyperon pro- 
duction and pion production) were often viewed as a challenge to QCD, 
since the chiral properties of the theory should make transverse single spin 
asymmetries small for inclusive particle production. Many people believed 
that transverse SSA would disappear when studying polarized p+p colli- 
sions at higher collision energies (\/s) now possible at the Relativistic Heavy 
Ion Collider (RHIC) at Brookhaven National Laboratory. 

The modern perspective views transverse SSA as a challenge to our 
understanding of hadrons on long distance scales, possibly providing sen- 
sitivity to the transversity structure function or to spin- and transverse- 
momentum dependent distribution functions that are related to parton or- 
bital motion. 

In this contribution, I briefly review transverse SSA and related mea- 
surements completed at RHIC to date and describe what new measurements 
are expected in the near-term future. 
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2. Recent developments in transverse spin physics 

This workshop surveyed ongoing experimental and theoretical work. A 
deeper understanding of spin- and transverse-momentum dependent distri- 
bution functions (embodied in the Sivers effect^) and fragmentation func- 
tions (one of the keys to the Collins effect^) has recently emerged. The for- 
mer were known to violate "naive" time reversal symmetry. Results from a 
specific model demonstrate their possible existence"^. This important the- 
oretical development was essentially concurrent with experimental results 
from semi-inclusive deep inelastic scattering from a transversely polarized 
proton target that unambiguously observed a non-zero Sivers effect"*. Also 
concurrent was the observation of large spin effects in dihadron correlations 
from e+e~ collisions that indicates that spin-dependent fragmentation ef- 
fects are large. This is one of the keys to the Collins effect^. These experi- 
mental developments, coupled with the observation of non-zero single spin 
asymmetries in inclusive pion production from the first collisions at RHIC, 
have led to a reinvigoration of transverse spin physics. 

p + p^7T°+X at Vs = 200GeV 
Runj + Run5(prellminary) 

• <7)>-4.0 <p,>(GeV/c)- 0.9 - 2.0 

A <77>=3.7 <p,>(GeV/c)= 1.2 - 2.8 



Xp" -0.6 -0.4 -0.2 0.2 0.4 0.6 

Figure 1. (left) First results for + p tt'^ + X analyzing powers (Apf) at = 200 
GeV compared to theoretical predictions available prior to the measurements, (right) 
More precise preliminary results, using on-line measurements of the beam polarization, 
for tt" production Aj^ obtained in subsequent runs. 

Large SSA were observed ior + p ^ tt" -|- X at y/s = 200 GeV by 
the STAR collaboration^ in the first polarized proton collisions at RHIC. 
They confirmed the expectation 7,8,9,io^ j^q^ shared by all, that the sizeable 
SSA observed for pion production at ^/s = 20 GeV** would persist at an 
order of magnitude higher collision energy. These expectations arc shown 
by the theoretical predictions in Fig. 1, available prior to the measure- 
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ments. Subsequent development of full integration over intrinsic transverse 
momentum has modified the relative contributions to transverse SSA from 
different sources"'^^. More recent data^^ have improved the statistical preci- 
sion of the effect and given the first hint of its separated x f and pr depen- 
dence. Preliminary results from the BRAHMS collaboration indicate that 
mirror asymmetries {An{t:~) « —An{'!t^)) are observed for large rapidity 
TT^ production^"*, similar to the lower-energy results*^. 




Figure 2. Results for p-\-p — > tt" +X cross sections at i/s = 200 GeV compared to NLO 
pQCD calculations using conventional parton distribution and fragmentation functions, 
(right) Parameterized xp and pT dependence. 



Perhaps most significantly, it has been established that tt production 
cross sections at RHIC collision energies, in the kinematics where single 
spin effects are observed, are consistent with next-to-leading order pertur- 
bative QCD (NLO pQCD) calculations at = 200 GeV (Fig. 2). This 
is in marked contrast to the situation at lower ^/s where measured cross 
sections far exceed NLO pQCD predictions*^, apparently consistent with 
the belief that the transverse SSA in hadroproduction were due to beam 
fragmentation. The NLO pQCD description at ^/s — 200 GeV describes 
particle production being due to partons from both beams undergoing a 
hard scattering prior to fragmenting to the observed hadrons. That de- 
scription is further supported by experimental data that shows a significant 
back-to-back peak for hadrons detected at midrapidity for events where a 
large rapidity 7r° is observed*^. 

Measurements of the cross section for inclusive tt*^,*^ charged hadron*^ 
and jet production*^ at midrapidity have been completed and compared 
with NLO pQCD calculations^". Quantitative agreement with calculations 
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has been found. This agreement is an important basis for the interpretation 
of spin observables {An and the hehcity asymmetry, All, that is sensitive 
to gluon polarization). Transverse SSA for midrapidity n'^ and charged 
hadron production^^ have been measured and are consistent with zero with 
a precision comparable to the non-zero A^ found at large rapidity at the 
same px of ^^2 GeV/c. The midrapidity results may lead to important 
constraints on the magnitude of the gluon Sivers function. 

3. The future 




Figure 3. Layout of the STAR experiment for RHIC run 6. The Forward tt" Detector 
(FPD) arrays shown east of the STAR magnet were also present in earlier runs west of 
the STAR magnet. For run 6, the west FPD has been upgraded to become the FPDH — h. 
The Forward Time Projection Chamber provides information about charged hadrons in 
the angular range spanned by the forward calorimetry. 

I'll restrict attention to the near-term future since there will be signif- 
icant data sets obtained with transverse polarization during the upcoming 
RHIC run following the resolution of budgetary problems. A main objective 
for midrapidity studies oi + p collisions at y^=200 GeV is to establish 
if there are spin effects correlated with kx, a transverse momentum imbal- 
ance that is observable if more than one particle, or more than one jet, is 
observed. Such effects could be a signal of a non-zero Sivers function for 
gluons^"^. STAR (Fig. 3) plans to measure kx for di-jet events (Fig. 4) and 
will use vertical polarization. The projected sensitivity is based on existing 
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unpolarized data for the azimuthal angle difference between pairs of midra- 
pidity jets^^. PHENIX plans to measure kx by detecting pairs of hadrons in 
their central arms whose symmetry requires radial polarization to observe a 
spin effect. Non-zero transverse SSA for midrapidity dihadron production 
may have contributions from both the Sivers effect and the Collins effect^^ . 



0.04 




-1.0 -0.5 0.5 1.0 

6<p 

Figure 4. Projected sensitivity to the analyzing power versus the azimuthal angle dif- 
ference between pairs of jets detected at midrapidity for a data sample corresponding 
to 5 pb~^ with beam polarization of 50% compared to theoretical expectations from 
different models of the gluon Sivers function as discussed in the text. 

A portion of the upcoming RHIC run will be devoted to collisions of 
transversely polarized protons at y/s=62 GeV. BRAHMS aims to measure 
transverse SSA for inclusive production of identified charged hadrons at 
large rapidity {rj «3.3 and 3.9) from these collisions. Their particle identifi- 
cation apparatus will permit measurements up to a; wO.6 at the lower ^/s. 
The unpolarized cross section systematics discussed earlier^^ would greatly 
benefit from new forward angle results at y/s=62 GeV. In the remainder of 
this section, I'll discuss plans in the upcoming RHIC run for measurements 
with increased acceptance forward calorimetry in STAR. 

An important goal is to address the relative contributions from the 
Collins and Sivers effects to the transverse SSA observed for inclusive for- 
ward pion production. One way to disentangle the contributions is to ad- 
dress the question "is there a significant transverse single spin asymmetry 
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Figure 5. (bottom) Di-photon invariant mass distribution for events with at least two 
reconstructed photons. Data compares well to PYTHIA/GEANT simulations, (top) 
Contributions to simulated di-photon invariant mass distribution for A^-, > 1 events. 
Jet-like events are evident. 



for jet-like events in p+p collisions?^ 

Jet-like events are defined as having three or more photons which are 
mostly a tt^ and accompanying particles or single photon daughters from 
two or more 7r°. In either case, multiple fragments of the parton scattered 
through small angles are observed, making the events manifestly jet like. If 
the detector acceptance for the observed particles is azimuthally symmetric 
around the thrust axis of the forward scattered parton, then a transverse 
SSA for jet-like events must be due to the Sivers effect^. Integration over all 
particles detected in an acceptance that is azimuthally symmetric around 
the thrust axis ensures cancellation of possible contributions from spin- 
and /cT-dependent fragmentation functions that serve to analyze quark po- 
larizations transferred to the final state (Collins effect^). Particularly for 
events at large xp, the forward tt** carries a large fraction of the energy 
of the forward scattered parton. A precise definition of jet-like behavior is 
required. 

We know that jet-like events are present at large rj from results with 
the STAR Forward Pion Detector (FPD). Fig. 5 shows the reconstructed 
invariant mass distribution, where M^^ — Etrig^l — z^^sm{(j)yj/2). The 
total energy [Etrig) corresponds to the sum of energy from all towers of 
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one of the FPD modules and is taken as the 7r° energy in the analysis. 
It is used in conjunction with the opening angle {(fi'y-y) and energy shar- 
ing, z~f~f = \{E.yi — Ej2\/ {E-yi + from the two highest energy photons 
reconstructed in the event. Jet-like events occur when more than two pho- 
tons are found, resulting in Etrig > E^^ and therefore M-y^ > Ai^. This 
is observed in Fig. 5 and is accounted for by simulation, which is decom- 
posed into its various contributions. But, events in the FPD at a given xp 
occur primarily in portions of the calorimeter closest to the beam because 
this minimizes pr (see right panel of Fig. 2). For such events the FPD 
does not have azimuthally symmetric acceptance around the thrust axis for 
additional particles distributed around the reconstructed 7r°. 



148X5.8-cm cells, QX5.8-cm cells 72X5. 8-cm cells, 556X5. 8-cm cells 




-100 -75 -50 -25 25 50 75 ^100^ -100 -75 -50 -25 25 50 75 ^100^ 

Figure 6. (left) Layout of STAR forward pion detector used in run 5. (right) Layout of 
STAR FPD-I — h that is planned for use in run 6. 



The issue of azimuthally symmetric coverage for jet-like events is re- 
solved by an upgrade known as the FPD++ (Fig. 6) that has been built for 
the upcoming RHIC run as an engineering test of the STAR Forward Meson 
Spectrometer (FMS)^^. It consists of two left/right symmetric calorimeters 
that replace the FPD modules west of the STAR interaction point. The 
original FPD modules remain on the east side of STAR and are planned 
to improve the precision of transverse SSA measurements at large xp. As 
shown in Fig. 6, the inner portion of each calorimeter module is essentially 
identical to the FPD. The outer portion of the calorimeter consists of larger 
cells^s that are placed with azimuthal symmetry about the inner portion. 
Events can be selected with the FPD-I--I- in an identical manner as used for 
the FPD that result in sizeable transverse SSA for tt'^ production. The ad- 
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ditional detector coverage can be queried for evidence of additional photons 
that accompany a trigger tt'^ thereby signahng jet-hke events. Based on the 
diphoton invariant mass distribution and the photon multiphcity distribu- 
tion, at least 16% of the tt" events observed in the FPD with E-^ > 20 GeV 
are accompanied by additional photons in jet-like events. 




Figure 7. PYTHIA simulations of FPD-I — h response for p-|-p collisions at ^^=200 GeV. 
Etrig {Esum) is the energy sum in the central section (entire) of the calorimeter (Fig. 
6. (upper left) most forward hard-scattered parton pseudorapidity distribution; (upper 
right) distribution of photon energy relative to the thrust axis showing a standard jet 
shape atop an underlying event contribution; (middle left) photon energy sum scaled by 
the most forward hard-scattered parton energy; (middle right) difference distribution of 
the T] reconstructed from the vector sum of the detected photon momenta and the parton 
r;; (bottom) projected statistical precision for jet-like events for 5 / pb of polarized proton 
integrated luminosity. 



Fig. 7 shows PYTHIA 6.222 simulations that provide an operational 
definition of what we mean by jet-likc events. PYTHIA is expected to have 
predictive power in this kinematics because it has been previously shown 
to agree with measured forward pion cross sections^*. To explore jet-like 
events, minimum-bias PYTHIA events are selected when the summed pho- 
ton energy in the inner portion of a FPDH — h module, defined as Etrig ^ 
exceeds 18 GeV. To facilitate possible reconstruction of forward tt" -|- 7r° 
pairs, events are further required to have more than 3 photons within the 
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full acceptance of an FPD++ module. These requirements mean that se- 
lected events with energy from incident photons summed over the entire 
FPD++ module {Esum) may exhibit jet-like behavior. The upper left panel 
of Fig. 7 shows the pseudorapidity distribution of the most forward angle 
hard-scattered parton when -Egum > 40 GeV. It is peaked at rj «3.3, cor- 
responding to the location of the triggering portion of the FPD-|— |- mod- 
ule. The small background near midrapidity has contributions from large 
Bjorken x quarks that emit initial-state radiation that subsequently scat- 
ters from soft gluons from the other proton. The distribution of the photon 
energy relative to the thrust axis of the forward scattered parton is shown 
in the upper right panel of Fig. 7. Jet-like behavior is evident, although 
evidence for contributions from the underlying event is also present. The 
summed photon energy within the FPD-|— |- acceptance gives a good repre- 
sentation of the forward scattered parton, albeit shifted in its energy scale. 
Furthermore, the vector sum of the detected photon momenta faithfully re- 
constructs {rjrecon) thc direction of the scattered parton. From the middle 
right panel of Fig. 7, the symmetry of the 5ri = rjrecon — "H^arton distribu- 
tion indicates that the underlying event is not skewed from fragments of the 
beam jets. Projections for the uncertainties that could be measured on the 
j4iv for these jet-like events with 5 pb~^ of integrated luminosity recorded 
in a data sample with beam polarization of 50% are shown in the bottom 
panel of Fig. 7. 

In addition, thc FPD++ is expected to allow for robust detection of 
large xp direct photon production. Rather than searching for coincident 
photons, the outer portion of the calorimeters can serve to remove neutral 
meson contributions, to extract events with only a single energetic photon 
observed in the calorimeter. The resulting yield would be predominantly 
prompt photon events, including direct photons and fragmentation pho- 
tons. The calorimetric coverage will allow suppression of most of the latter 
events. Wc expect «70,000 direct photon events with E > 25 GeV in a 
data sample from the FPD-|— |- that records 5 pb~^ oi p + p collisions at 
^/s=200 GeV. These photon energies are larger than the simulated cutoff 
in the distribution of energy deposition by charged hadrons incident on the 
calorimeter. 

The left/right symmetry of the FPD-I — h is important for the cancellation 
of systematic errors. With that symmetry, so-called cross ratio methods can 
be used for extracting single-spin asymmetries for tt" production, jet-like 
events and prompt photon events. Another benefit of the symmetry is for 
coincident events. The opening angle between the two calorimeters is well 
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matched to that required for large-x^? production of objects with invariant 
mass of order 3 GeV/c^ that decay to either photons, neutral mesons or 
electron-positron pairs. 

The end result is that the upcoming RHIC run should provide excit- 
ing results for transverse spin physics. Perhaps of greatest interest is the 
prospect for isolation of the Sivers function both at midrapidity and for for- 
ward particle production. Its isolation may establish the dynamical origin 
of transverse SSA for large- a; p tt production and may conclusively demon- 
strate orbital motion of the constituents of the proton. 

4. Acknowledgements 

The forward calorimetry work is done with the STAR collaboration. I 
would like to acknowledge all members of the RHIC spin collaboration 
(RSC) for making the RHIC-spin program a reality. The RSC is a group 
including members of the RHIC experiments, members of the BNL Collider- 
Accelerator Department, experts in the RHIC polarimeters required to de- 
termine the beam polarization, and theorists. I would also like to thank 
Akio Ogawa, Hank Crawford, Jack Engelage, Carl Gagliardi, Steve Hcppel- 
mann, Larisa Nogach, Greg Rakness, Gerry Bunce and Werner Vogelsang 
for their comments and help. This work was supported by DOE Medium 
Energy Physics. 

References 

1. D. Sivers, Phys. Rev. D 41 (1990) 83; 43 (1991) 261. 

2. J. Collins, Nucl. Phys. B396 (1993) 161; J. Collins, S.F. Heppelmann, G.A. 
Ladinsky, Nucl. Phys. B420 (1994) 565. 

3. S.J. Brodsky, D.S. Hwang and I. Schmidt, Phys. Lett. B539 (2002) 99. 

4. A. Airapetian et al. (HERMES collaboration), Phys. Rev. Lett. 94 (2005) 
012002. 

5. K. Abe et al. (Belle collaboration), to be published in the proceedings of the 
Lepton Photon 2005 Conference, [hep-ex/0507063]. 

6. J. Adams et al. (STAR collaboration), Phys. Rev. Lett. 92 (2004) 171801. 

7. M. Anselmino, M. Boglione, and F. Murgia, Phys. Rev. D 60, 054027 (1999); 
M. Boglione and E. Leader, Phys. Rov. D 61, 114001 (2000). 

8. M. Anselmino, M. Boglione, and F. Murgia, Phys. Lett. B 362, 164 (1995); 
M. Anselmino and F. Murgia, 'ibid. 442, 470 (1998); U. D'Alesio and F. Mur- 
gia, AIP Conf. Proc. 675 469 (2003). 

9. J. Qiu and G. Sterman, Phys. Rev. D 59, 014004 (1998). 

10. Y. Koike, AIP Conf. Proc. 675, 449 (2003). 

11. D. L. Adams et al, Phys. Lett. B 261, 201 (1991); 264, 462 (1991). 



7, 2008 8:16 Proceedings Trim Size: 9in x 6in 



lcb3 



11 

12. M. Ansclmino, M. Boglione, U. D'Alesio, E. Leader and F. Murgia, Phys. 
Rev. D 71 (2005) 014002. 

13. D. Morozov (for the STAR collaboration), to be published in the proceedings 
of XI Workshop on High Energy Spin Physics [hep-ex/0512013]. 

14. F. Vidabaek (for the BRAHMS collaboration), to be published in the pro- 
ceedings of the PANIC 2005 Conference [nucl-cx/0601008]. 

15. C. Bourrely and J. Soffer, Eur. Phys. Journ. C36 (2004) 371. 

16. A. Ogawa (for the STAR collaboration), published in the proceedings of 
DIS2004 [hcp-ex/0408004]. 

17. S.S. Adler et al. (PHENIX collaboration), Phys. Rev. Lett. 91 (2003) 241803. 

18. S.S. Adler et al. (PHENIX collaboration), Phys. Rev. Lett. 95 (2005) 202001. 

19. M. Miller (for the STAR collaboration), to be published in the proceeding of 
the PANIC 2005 conference. 

20. F. Avorsa et al.., Nucl. Phys. B327 (1989) 105; B. Jagcr et al, Phys. Rev. D 
67 (2003) 054005; D. dc Florian, Phys. Rev. D 67 (2003) 054004. 

21. D. Boer and W. Vogelsang, Phys. Rev. D 69 (2004) 094025. 

22. A. Bacchetta, C.J. Bomhof, P.J. Mulders and F. Pijlman, Phys. Rev. D 72 
(2005) 034030. 

23. T. Henry (for the STAR collaboration), J. Phys. G30 (2004) S1287. 

24. C. Aidala et al., Research Plan for Spin Physics at RHIC, February, 2005 
(http://spin.riken.bnl.gov/rsc/report/masterspin.pdf). 

25. L.C. Bland et al, Eur. Phys. Journ. C43 (2005) 427. 

26. J. Cumalat, Int. J. Mod. Phys. A20 (2005) 3692. 

27. T. Sjostrand, P. Eden, C. Friborg, L. Lonnblad, G. Miu, S. Mrenna, E. 
Norrbin, Computer Physics Commun. 135 (2001) 238. 

28. L.C. Bland (for the STAR collaboration), contribution to the 10*'' Workshop 
on High Energy Spin Physics [hep-ex/0403012]. 



